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HoSow waveg u ide having plural lever dietectrie. 

© A hollow waveguide hat en inner reflective layer audi as 
silver, ovarcoated with piurel layers of di e lect ri c . Preferably 
thret dielectric layera are used, with the inner two having 
quarter wave thtefcneea, and the outer one having one half on 
one and one hetf the quarter wave thickness. Compcafflone 
for the dielectric include ThMJe/ThP* ZnSe/Ge/ZnSe, Qe/ 
ThfVGa, and ThPVZnSe/ThP«. 
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HOLLOW WAVEGUIDE HAVING PLURAL LAYER DIELECTRIC 



Technical Field 

This invention relates generally to flexible, narrow 
diameter, hollow waveguides and, in particular, to those 
capable of high efficiency transmission of C0 2 laser 
energy suitable for medical applications. 

Cross Reference to Related Applications 

Reference is made to concurrently filed, commonly assigned 
patent applications, both of K. D. Laakman, respectiv ly 
entitled •Hollow Waveguide - *o,s. Serial No.713,149)and 
•Hollow Waveguides Having Disparate Dielectric 
Overcoatings* (U.S. Serial No. 713,151). 

Background of the Invention 

For almost as long as C0 2 lasers have been viable tools 
for medical applications, the search has been on for 
improved modes of guiding the laser beam to the desired 
operating area. For the most part, lasers have been 
coupled with multi-section articulated arm* having any 
nuober of large bore tubular sections hinged together with 
a reflective surface at each hinge to permit the laser 
light to traverse the length of the arm and to be aimed 
toward the desired site. 

While such articulated arm laser systems have experienced 
wide spread acceptance lately in a variety of medical 
specialities, they are generally somewhat clumsy to use 
since the an typically offers some ^resistance 1 to mov - 
raent by the surgeon. Such arms are inherently limited in 
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the scope of their medical applications, because of their 
size and limited flexibility. Present C0 2 surgical appli- 
cations are essentially limited to those in which there is 
direct access to the area to be treated. C0 2 endoscope 
5 procedures are still rare, as the present technology 
requires a relatively wide, but short and straight 
endoscopic channel to "shoof the co z beam down, in 
addition, most articulated arms experience problems with 
beam alignment particularly if the surgical application 
10 calls for a small spot size. These arms also tend to be 
expensive, especially if precision optical alignment is 
required. 

It is an object of the present invention to provide a 
15 small diameter, flexible fiber for carrying C0 2 laser 

emissions, which can be threaded down a longer, narrow or 
flexible endoscope, or alternatively be used as a second 
puncture probe. 

20 A variety of optical fibers have been proposed as the 
transmission medium for laser energy, but to date, not a 
single one has become commercially accepted for the 
10.6 micron wavelength which is characteristic of C0 2 
lasers. Optical fibers or light pipes for the transmis- 

25 slon of infrared light at 10.6 microns have however been 
proposed! in one instance a polycrystalllne fiber, such 
as the RRS-S fiber developed by Horiba, Ltd. of Japan; and 
in another, a flexible, hollow waveguide, various versions 
of which have been suggested by among others E. Garmire 

30 and N. rtiyagi. See, for instance, M. Hiyagi, et al., 
•Transmission Characteristics of Dielectric-Coated 
Metallic Wavtguide for Infrared Transmission: Slab 
Waveguide Model* , 1MB Journal of Quantum Electronics , 
Volume QB-19, Mo. 2, February 1983, and references cited 

35 therein. Recently, Miyagi, et al. sugg sted fabricating a 
dielectric-coated metallic hollow, flexible waveguide for 
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IR transmission using a circular nickel waveguide with an 
inner germanium layer applied by r£-sputtering, plating 
and etching techniques. Miyagi, et al. predict extremely 
small transmission losses for a straight guide, but in 
5 fact, actual transmission degrades substantially with but 
nominal bending radii (20 cm). To understand this, the 
mechanism of transmission must be considered. 

Transmission of laser light through a flexible, narrow 
10 diameter hollow waveguide is subject to loss* largely due 
to successive reflections of the beam along ...e interior 
surface of the curved guide. For the size and curvatures 
contemplated for a medical fiber, rays will intersect the 
wall at angles of incidence ranging from, typically, 80* 
15 to 90*. Bending a hollow fiber increases the loss as it 
tends to increase the number of internal reflections and 
decrease the angle of incidence* In general, as the angle 
of incidence decreases from 90 # to 80*, the loss per 
reflection bounce increases. It is an object of the 
20 present invention, therefore, to provide a coating which 
has hi- reflectivity over angles of incidence ranging 
from 80 to 90 # . 

K difficulty of curving metal walls is that at these 
25 angles of incidence, metals tend to exhibit high reflecti- 
vity for only tht S polarization but low reflectivity 
(<9.6%) for the P polarization. The losses for a 1 meter 
curved guide are of the order 10 dB. Garmire et al. 
attempted to avoid this problem by using a metal/di- 
30 electric guide in which the guide was oriented relative to 
the incoming beam such that the metal walls "saw" only the 
P polarization. This approach is flawed, however, because 
the dielectric walls show high reflectivity for only very, 
very high angles of incidence, typically in excess of 89'- 
35 -requiring, in ess nee, that the guide must be straight 
along the dir ction of the dielectric. 
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Some have suggested remedying this situation by overcoat- 
ing a reflecting surface with a quarter-wave dielectric 
coating. Such a coating will yield high reflectivity for 
the P polarization, but low for the S polarization. 
5 Miyagi et al. attempt to strike a compromise by choosing a 
coating of thickness somewhere between those favoring the 
p and and those favoring the S polarization. He chose a 
germanium coating of approxiamately 0.4 to 5 micrometers 
in thickness. This coating yielded relatively good 
10 results (>90%/meter transmission) for straight guides, but 
rather poor for b.ent guides. 

This disparity appears to result from two factors: 1) The 
transmission with the He n mode in a straight guide corre- 
15 lates poorly with the transmission of very high multi 

order modes in a bent guide; and 2) The imaginary part of 
the refractive index of the dielectric coating is 
extremely crucial in the transmission of a bent guide. 

20 It is an object of the present invention to provide di- 
electric overcoated waveguides which are tuned to perform 
well although bent in compound curvature. 

Summary of the Invention 

25 

We have invented a flexible, narrow outer diameter, metal 
coated dielectric- over coated hollow waveguide capable of 
transmitting in excess of 68% of the entering C0 2 laser 
energy over a one meter section even when subjected to 
30 compound curvatures. The waveguide is sufficiently thin 
to be passed down the esophagus of an adult patient and is 
safe for endoscopic applications. 

The principles of the present invention! like these in th 
35 aforementioned concurrently filed applications , are pre- 
mised on dealing with refractivity as a complex (i.e., 
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real plus imaginary) quantity, taking into account both p 
and S polarizations over a designated range of angles of 
presentation, in accordance with the former aforemention- 
ed concurrently filed application, entitled simply "Hollow 
5 Metal Waveguide" (IAK-7), a flexible, narrow diameter, 
hollow waveguide has an outer reflective structure coated 
on its inner walls with suitable dielectric material of 
thickness equal to about one eighth the wavelength of the 
light to be transmitted by the waveguide. Such a di- 

10 electric construction will, on average, have relatively 
minimal adverse effect (i.e«, loss) for both P and 5 
polarizations, because the extinction coefficient of the 
complex index of refraction will have been reduced sub- 
stantially over the quarter wave thickness shown in the 

15 prior art. For example, thorium fluoride (ThF H ) and zinc 
selenide UnSe) are disclosed as suitable dielectric 
materials for transmission of CQ Z laser emissions, in 
such preferred embodiments, silver is an appropriate 
reflecting outer layer, and the dielectric thickness mav 

20 be within about 40% of an eighth wavelength in thickness. 

The principles of the present invention feature plural 
dielectric overcoating* of select materials and thickness 
to promote transmission of laser energy through a flexible 

15 (i.e., bent) waveguide. Preferably, three thin film 

coatings of two different dielectric materials will have 
the. first and third coatings of the same, relatively low 
index of refraction (t.g., ThF„ or ZnSe), with the inter- 
mediate layer having a relatively high index of refraction 

30 (e.g., Ge). For example, this arrangement may include the 
layer first contacting the beam having a thickness of 
either about one and one-half times (x0.2) the thickness 
of a quarter wave layer, or one-half (to. 2) of a quarter 
wave thickness for the laser energy in the medium of the 

35 low index dielectric. In such instance, th two inner 
layers have quarter wave thickness. It is also feasible 
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to have germanium constitute the first and third layers, 
and ThF u constitute the intermediate layer. 

Brief Description of the Drawings 

S 

Pig. 1 is a diagrammatic representation of a section of a 
curved light pipe illustrating schematically the multiple 
reflections to which a coherent lightwave is subjected 
while travelling through the light pipe; 

in 

Fig. 2 is a straight section of a portion of a hollow 
metal waveguide according to the present invention? 

Ptq. 3 is a section taken along line 3-3 of Pig, 2; 

15 

Fig. 4 is an enlarged section taken along line 4-4 of 
fig. 3; 

Fig. 5 is a view similar to Pig. 3 representing an alter- 
20 native embodiment of the waveguide; and 

Pig. 6 is a view similar to Fig, 3 showing another alter- 
native embodiment of the waveguide. 



Detailed Description of the Preferred Embodiments 
Including the Best Mode for Carrying Out the Invention 

30 

In general, for a guide to be feasible for medical includ- 
ing endoscopic applications, the average reflectivity of p 
and S polarizations combined must be greater than 97% and 
preferably greater than 99% for both P and S polarizations 
35 for all angles of incidence from ab ut 80* to about 90*. 
The reason for requiring a high reflectivity c ndition 
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over such a broad range of angles is that a curved guide 
in effect introduces lower angles of incidence as the bear 
is propagated through the guide. The extreme angle of 
incidence 0 that needs to be considered in a curved 
5 guide of inner cross section d and radius of curvature R 
is given by the relationship: 

0 * cos- 1 yJld/K 

10 Hence, for a guide with d » 1 mm and R » 10 cm, the 
extreme incident angle is 82*. A waveguide in actual 
medical use will have, of course, a non-uniform radius of 
curvature introducing in effect even smaller incident 
angles. However, for a waveguide with an inner cross 

15 section diameter on the order of 1 mm the angles of 
incidence will normally be in the 80 # to 90° range. 

In practice, a portion of the waveguide will have compound 
curvatures such aa shown in the diagrammatic illustration 

20 of Fig. 1 wherein the laser beam, modeled in Pigs. 1 and' 2 
as a one dimensional ray, enters the waveguide in a 
direction normal to a plane orthogonally intersecting the 
waveguide at one end of the guide. The beam is then 
reflected off the Interior surface of the waveguide at 

25 intervals determined by the curvature of the guide. For 
the types of guides under consideration, i.e., those 
having an inner diameter of about J. mm and curvatures of 
30 cm or lass , a typical ray will hit the interior wall 
about every 1 to 2 cm* Hence, for a one meter length of 

30 the guide there will be about 75 reflections or bounces. 
Assuming an average energy loss of 0.5% per bounce, a one 
meter guide will transmit 68% of the light entering the 
guide. With just a v If percent increase in loss per 
bounce to 1%, the ov -all transmission falls to about 

35 47%. 

vK-8 
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For purposes of this application, "transmission rating' 1 
shall describe the percentage of C0 2 laser energy trans- 
mitted by a one meter section of a curved guide. Thus, a 
68% transmission rating represents a one meter section of 
5 a guide that transmits at least 68% of the energy of a 
propagating CQ Z laser beam entering the guide after the 
beam is subjected to up to 75 internal reflections. 

With reference to Figs. 2, 3, and 4, there is shown 

10 various aspects of a straight line section of a flexible 
hollow waveguide referred to generally as 10, The 
waveguide includes tube 20 of a material, preferably 
stainless steel or aluminum, chosen on the basis of 
mechanical performance including ductility and strength 

15 hygroscopic ity. Within the tube 20 are matable metallic 
halves 25 and 26 which when mated as shown form the hollow 
rectangular guide. Bach half may be milled from a wire, 
and have a groove or "V" coined therein, as shown. An 
additional requirement of the halves 25 and 26 is that 

20 they easily coatable, for example, in a vacuum chamber by 
an adhesive material, to yield a low loss surface. The 
inner walls of the halves 25 and 26 must also be optically 
smooth, relative to grazing incidence at 10.6 urn. Onto 
the interior surface of the guide a metal coating 30 is 

25 applied. Coating 30 must be a high normal incidence 

reflector of light at a wavelength of 10.6 microns, such 
as .silver. Other suitable metal coatings include gold and 
aluminum. The thickness of the silver coating 30 is not 
critical and is preferably in the range of something less 

30 than approximately IdO angstroms. To improve the bonding 
between silver coating 30 and the substrate 25 and 26, a 
high adhesion coating 40, preferably of chromium, is 
applied onto the tube prior to the application of the 
silver coating. With the silver coating 30 bonded to the 
35 m tal sub trate, a multiple layer 51, 52* 53 forms a thin 
film dielectric coating 50. 
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As above stated in general terms, the present invention 
features a layered dielectric overcoat which is a function 
of * mf the wavelength of the light in the medium at the 
80° angle of incidence. More precisely. 



n 1 - sin 2 80° 
P 

10 

where a is the wavelength of the same light in a vacuum 
and n is the index of refraction. 

The losses obtained for a variety of dielectric coatings 
15 are influenced by the thickness of the coating as well as 
by N, the complex index of refraction of the material. M 
is given by n ♦ ik, where the extinction coefficient k is 
the imaginary part, related to the absorption properties 
of the material. The real part, n, commonly referred to 
20 simply as the index of refraction, is the ratio of the 
speed (or wavelength) of light in a vacuum to the speed 
(or wavelength) of light in the material. Losses are 
lower as the imaginary component, k, of the refractive 
index is minimized. It is crucial to the performance 
25 (i.e. transnission) of the waveguide to keep the value of 
k to some low number. Even though k is related to th 
properties of the material, to a significant degree the 
magnitude of k is quality controllable through proper 
vacuum deposition techniques. 

30 

The principles of the present invention, relating to 
plural layer dielectrics, may be usefully considered by 
comparison with single layer guides in accordance with th 
former copending application (LAK-7). Tables 1-6 as 
35 follows, and their discussion, are duplicated from LAK-7. 
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As the value of k decreases, the greater the tolerance 
allowed on the coating thickness. For example, with a 
single ThF„ layer with ak»O f thickness in the range 
from about .6u to about 2.3u (or alternatively .2 to .3 
5 *m/2> will yield an average reflectivity of ? and S 

combined greater than 99% from 80* to 90°. On the other 
hand, with k « 2 x 10~ 3 , the thickness may only be from 
about .4 to .6 X m /2 to still yield the same minimum 
limit on reflectivity. Tables 1 through 3 illustrate this 
10 comparison in detail. 



8HSOOC10: «£P_019S«0«J.» 



-11- 



01 95630 





C/3 




(A 


<? 


W 




0 


• 


«J 


CM 




1 


0. 


6- 


w 




w 




0 







00 O \C m 
O V0 CM 



o m o in 

IT, H(NO 



b. 
6- 



CO 



I 

w 
0 



V 

0 

u 

Li 
> 



n 

OS 



CM , 



t 




CM 








II 






10 




w 



w 

to 
w 

~< a. 

I (0 

cn 



a 03 

13 



n 0. 

(0 



(ft 

w 
a » 
oo Q 



cm p* cn 
oo 10 n o 



m m N O 



cm cm m cn 

n CM ^ C 



c* r> m? 
in m cm o 



cc r* <n 
^ ^ o o 



r** oo in c* 

Mflrt C 



^ c* in <■« 
Hcoe 



R OLI 
0)1 



vo r* co c 
r* m o c* 



31 • • • 
I ****** 



00 00 00 00 



10 



IS 



20 



30 



35 



-12- 0195630 

TABLE 2 

Loss of Silver coated with ThP,, of varying thickness, 
with k » 2 x 10* 3 . 





T » 


.6u 


T « 


1.2u 


T - 


1.8b 


T » 2.4u 


ingle 


Loss P Loss S 


Loss P Loss S 


Loss P LOSS S 


Loss P Loss S 


01 

81 


2.79 


.13 


1.55 


.24 


1.12 


.72 


1.01 3.86 


83 


2.64 


.10 


1.30 


.19 


.91 


.56 


.80 3.28 


85 


2.2S 


.07 


.99 


.13 


.67 


.41 


.58 2.52 


87 


1.56 


.04 


.62 


.08 


.41 


.25 


.35 1.60 


89 


.56 


.01 


.21 


.03 


.14 


.08 


.12 .55 










TABLE 


3 






Loss 


of Silver coated 


with ThP,. of varying 


thickness, 








with k ■ 10- 


. 






T ■ 


.6u 


T » 


1.2u 


T - 


1.8u 


T * 2.4u 


tnole 


Loss P Loss S 


Loss P Loss S 


Loss P Loss S 


Loss P Loss S 


81 


2.46 


.13 


1.26 


.21 


.86 


.53 


.73 2.57 


83 


2.32 


.10 


1.05 


.16 


.69 


.49 


.58 2.18 


85 


1.98 


.07 


.80 


.12 


.51 


.30 


.42 1.68 


87 


1.37 


.04 


.50 


.07 


.31 


.18 


.26 1.06 


89 


.49 


.01 


.17 


.02 


.10 


.06 


.09 .36 . 



Similar dependence of allowable coating thickness on k 
value can be found with ZnSe as illustrated in Tables 4 
and 5. 



TABLE 4 

40 Reflection lose of /U coated with ZnSe of varying 

thickness in which Ic » 1(T 3 . 

T • .lu T * .4u T - .7u T « l.Ou 

Angle Loss P Loss S Loss P Loss S toss P Loss S Loss P Loss S 



81 


3.99 


.11 


1.98 


.16 


1.16 


.34 


.92 


2.08 


83 


4.68 


.09 


1.76 


.12 


.93 


.26 


.72 


1.66 


85 


5.43 


.06 


1.41 


.09 


.69 


.19 


.52 


1.21 


87 


5.62 


.04 


.92 


.05 


.42 


.11 


.31 


.74 


89 


2.98 


.01 


.32 


.02 


.12 


.06 


.10 


.25 
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TABLE S 

Reflection loss of Ag coated with ZnSe of varying 
thickness, in which k » 10" 3 . 

5 

T » .lu T - .4u T - ,7 U T ■ l.Og 

Ajgie Loss P Loss S Loss P Loss S Loss P Loss S Loss P Loss S 

81 3.97 .11 1.93 .15 1.09 .32 .82 1.88 
10 85 5.40 .06 1.37 .09 .65 .1* .46 1.06 

89 2.97 .01 .31 .02 .13 .04 .09 .22 



Even with k « 0, for high refractive indices, unacceptably 
15 high reflectivity losses occur. Germanium, for exampl , 
even with k » 0 never yields a low loss reflectivity 
condition as can be seen in Table 6. 



20 



30 



TABLE 6 



Reflection loss of Ag coated with G« and varying 
thicknesses in which k ■ 0.0 



T • ,1m T » ,3u T - ,5w T ■ ,7u 

25 ft**? 1 * Loss P Loss S Loss P Loss S Loss P Loss 3 Loss P Loss S 



81 


4.04 


.12 


2.75 


.20 


2.31 


.35 


1.90 


11.07 


83 


4.65 


.09 


2.46 


.15 


1.63 


.66 


1.49 


9.42 


85 


5.23 


.07 


1.99 


.11 


1.19 


.47 


1.07 


7.26 


87 


5.11 


.04 


1.31 


.07 


.73 


.28 


.64 


4.63 


89 


2.52 


.01 


.46 


.02 


.24 


.09 


.21 


1.60 



When the k values can be controlled to be less than about 
35 2 x KT* 3 n, it becomes advantageous from a performance view 
to consider multiple layer dielectrics pursuant to th 
present invention. There are a wide range of coating 
designs which, if the k value can be kept small, will 
yi Id quite acceptable results. From computer modelling , 
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we have found a wide range of possible coatings ranging 
from 2 layers to 3 layers and coating thicknesses of 
substantial variations. Indeed, we found no way we can 
analytically give a convenient formula for stating the 
5 good coating design — short of actual computer modelling. 

In the preferred embodiment illustrated in Fig, 4, there 
is shown three layers of thin film dielectric coatings 
with the inner and outer layers 51 and 53 being, for 

10 example, ThF M with the middle layer 52 of <3e. As shown in 
Table 7, Case 3,- superior results are obtained for the 
range of incident angles 81° to 89° by reducing the 
coating thickness of the final (outer) ThF^ layer 53 to 
about 40% from the 1/4X thickness to about 1.67 w and using 

15 1/4X thicknesses for the other two layers 52 and 51. 

TABLE 7 

Percent loss of silver coated with ThF^/Ge/ThF^ stack of 
20 varying thicknesses, k*10~ 3 for all three layers, 

percent Loss 

Case 1 Case 2 Case 3 Case 4 

25 Angle Loss P Loss S Loss P Loss S Loss P Loss 3 Loss P Loss S 



81 


.52 


6.07 


.52 


.90 


.61 


.20 


.99 


.07 


83 


.42 


7.14 


.42 


.73 


.50 


.15 


.76 


.05 


85 


.30 


8.44 


.31 


.54 


.38 


.11 


.59 


.04 


87 


.19 


8.74 


.19 


.33 


.23 


.07 


.38 


.02 


89 


.08 


4.76 


.06 


.11 


.08 


.02 


.13 


.01 



Case 1* 2.79 um r .67 um, 2.79 urn (all three-quarter wave) 

Case 2s 2.32 urn, .67 um, 2.79 um (all two-quarter wave^ 

35 Case 3t 1.67 um, .67 am, 2.79 um (all two-quarter wave) 

Case 4t 1.16 un, .67 um, 2.79 um (all two-quarter wave) 

As Table 7, Case 3, above suggests the maximum loss Is a 
modest .61 percent at 81* and the mean loss is substan- 
40 tially less than 0.5 percent per reflection. Good r suits 
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are also obtained using the same sequence of coatings 3s 
in the above example, but with the outermost ThF„ layer 5 3 
about 40 percent thicker than a 1/4X design. As the 
results indicate in Table 8, the maximum loss was .98 
5 percent, again at 81*. 

TABLE 8 

Percent loss of silver coated with ThF^Ge/ThF,, stack of 
10 varying thicknesses. 



Percent Loss 





Case 1 


Case 2 


Case 3 


Angle 1 


Loss P Loss S 


Loss P 


Loss S 


Loss P 


Loss S 


81 


.62 2.62 


.86 


.98 


1.49 


.57 


83 


.49 2.46 


.68 


.82 


1.20 


.47 


85 


.35 2.08 


.49 


.63 


.87 


.35 


87 


.21 1.43 


.30 


.39 


.53 


.21 


89 


.07 0.S1 


.10 


.13 


.18 


.07 


Case 1: 


3.34 um, .67 


um, 2.79 


um 






Case 2: 


3.90 um, .6" 


um, 2."»9 


um 






Case 3; 


4.46 um, .67 


um, 2.79 


ura 






k Ce ' 2 


X 10- 1 




10* J 







As in a single layer coating, we find extreme sensitivity 
30 to k value. Indeed, if k - 0, three x m /4 layers of 

ThFj, /Ge/ThF„ will yield extraordinarily low losses. As is 
shown in Table 9, there is a substantial increase in loss 
with this coating by having a finite k. If any generali- 
zation can be made, it is that at least one non-quarter 
35 wave coating is required when k values are even in the 
10~* range. So long as k/n is snail er than about 1.5 x 
1(T 3 , w found that the be t of the single layer coatings 
were inferior to the best of the multipl lay r coatings. 
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TABLE 9 

Percent loss of Silver coated with quarter wave 
ThF^/Ge/ThP^ stack for k » 0 and finite k. 

5 

Percent Loss 







Case 1 


Case 


2 


ingle 


P 

Loss 


S 

Loss 


P 

Loss 


S 

Loss 


81 


.10 


.21 


.52 


6.07 


S3 


.08 


.24 


.42 


7.14 


85 


.08 


.28 


.30 


8.33 


87 


.04 


.29 


.18 


8.74 


89 


.01 


.16 


.06 


4.75 



Other three layer stacks of dielectric coatings 50 were 
investigated besides the combination of Ge and ThF w ; 
however, these produce the best results because of the 
20 large ratios of refractive index (4.0 versus 1.35). 

One combination investigated was a ThF u /Znse/ThF k layer 
coated onto Ag, Here, it was found that there was quite a 
range of coating designs which yielded acceptable coating 
25 reflectivities, although none yielded as high performance 
as the optimized Ge/ThF„/Ge stack. One of the best 
performances occur when the first layer's thickness 
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is 1.16 (.4 a/4), the second layer's 1.79 (.65 a/4), and 
the third layer's 2.5 (.9 x/4K This particular design 
yields a loss of .85% and .45% for the P and S polariza- 
tion, respectively. A k value of 1 x 1(T 3 was assumed for 
5 each layer. 

Another design considered was a ZnSe/Ge/ZnSe stack coated 
onto a thin layer of silver. As with the other multiple 
layer coatings (ThF^/Gej/ThP,, and ThF^/ZnSe/Th?^ ) , there 
10 are a wide range of coating designs (various layer thick- 
nesses) which yield acceptable performances. One of the 
optimum coating designs with this stack are where the 
coatings are of the following thicknesses: 

15 Layer 1 « .71u (.6 Xm/4) 

Layer 2 ■ ,69u (1. Xm/4) 

Layer 3 • I.19u (Xm/4) 

20 

with a k value equal to 10" 3 for each of the three layers, 
the reflection loss for the P and S polarization of 81* is 
computed to be .65% and .17%, respectively. Another good 
design 1st 

25 

Layer 1 • .95u (.8 Xm/4) 

Layer 2 • .43u (.63 xm/4) 

30 Layer 3 • 1.19u (xm/4) 

Here, the computed loss is .87% and .17% u at 81'. 

Regardless o£ choice of dielectric coating materials, the 
35 preferred geometry of the metal guide 20 is square shaped 
as shown in Pig. 3 and in Pig. 5. In Pig. 3, respective 
halves have V-shaped grooves formed th rein, and the 
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square guide results when the opposing portions are 
joined. The square shape is particularly advantageous for 
ease of fabrication since two essentially V-shaped por- 
tions 20a and 20b may be separately coated and subsequent- 
5 ly combined to form the guide. When V-shaped sections 20a 
and 20b are placed in a vacuum chamber, resting on their 
respective pointed ends 21 with their interior surface 
that is to be coated facing a source of thin film 
dielectric, a relatively equal thickness coating by the 

10 well-known vacuum deposition technique is achievable. A 
generally circular cross sectional guide such as shown in 
Fig. 6 may also be fabricated by joining semicircular 
sections 20* a and 20" b. JTowever, the circular interior 
surface of sections 20 1 a and 20 f b require that they be 

15 oscillated during the vacuum deposition step in order to 
ensure a relatively uniform thickness of the dielectric 
coatings. 

After fabrication, the waveguide 20 is preferably inserted 
20 into a plastic or metal sleeve 60 for safety consideration 
should the guide ever crack during use. To enhance the 
ease with which metal guide 20 is encased in a plastic 
sleeve 60, the metal guide 20, as shown in Fig. 5, has a 
planar interior surface but has a circular exterior. 

2S 

During fabrication, care should be taken to insure good 
layer* to-layer adhesion with minimal mechanical stresses 
in and among the layers. Excessive mechanical stresses 
will at the least degrade performance, and might even 

30 cause the coatings physically to fracture and flake. 

Stress conditions will be a function of material selec- 
tion, coating thickness, and the coating process. For 
example, ThF^ and Ge both are characterized by tensile 
stress, and thus in combination are more apt to have poor 

35 layer- to-layer adhesion. On the other hand, znSe is 

characterized by lower tensile str ss, which favors its 
combination with either ThP^ or Ge. 
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Al....ough the invention has been specifically 
exemplified with reference to dielectric coatings whose 
thicknesses have been calculated for use in waveguides 
designed for C0 2 lasers which lase at 10.6 microns 
5 wavelength, it will be appreciated that the invention is 
also applicable to waveguides for use with lasers 
operating at different wavelengths, with the dielectric 
coatings and their thicknesses being selected according 
to the criteria described above. 
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CLAIMS 

1. A narrow diameter, flexible hollow waveguide for high 
efficiency transmission of laser light by internal 
reflection, said waveguide comprising: 

(a) a hollow flexible elongated housing; 

(b) a metallic coating, highly reflective at normal 
incidence, on the internal surface of said guide; 

c) plural layers of thin film dielectric coatings 
overlying said reflective coatings. 

2. k waveguide as described in Claim 1 and comprising 
three said layers of dielectric, first and third ones of 
which being a first select dielectric material, and a 
middle one of which being a second select dielectirc 
material, 

3* A waveguide as described in Claim 2 wherein said first 
select dielectric material has an index of refraction 
which is relatively low in comparison with the index of 
refraction of said second select dielectric material. 

4. The hollow waveguide according to Claim 2 wherein the 
first and third layers are ThF^ and the second layer is 
selected from the group consisting of ZnSe and Ge, 

5. The hollow waveguide according to Claim 2 wherein the 
first and third layers are ZnSe and the second coating is 
Ge. 

6. The hollow waveguide according to Claim 2 wherein said 
first and third layers are Ce and the second layer is 
ThF w . 
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7. k waveguide as described in Claim 2 wherein said 
outermost o£ said dielectric layers has a thiclcness 
between approximately one-eighth and three-eights of the 
wavelength of light in said outermost layer. 

5 

8. A flexible hollow waveguide for high efficiency 
transmission of C0 2 laser light which comprises: 

(a) a guide having an internal surface and an 

10 external cross section sufficiently small to allow for 

endoscopic application; 

(b) a metal coating applied to the internal surface 
of said metal guide, said coating characterized by a 

15 high degree of reflectivity of light at normal 

incidence for the waveglength of use. ; 

(c) a plural layer dielectric coating applied to said 
metal coating, said coating composite having the 

20 reflectivities of the P and S polarization averaged 

together to be in excess of 98.5% for all angles of 
incidence ranging from 8 0 f to 90 # . 

9. The hollow waveguide according to Claim 8 wherein said 
25 guide is made of aluminum and said metal coating is 

silver. 

10. The hollow metal waveguide according to Claim 8 
wherein the interior cross section of the waveguide is 

3D square shaped. 

11. The hollow metal waveguide according to Claim 8 
wherein the interior croes section of the waveguide is 
circular. 
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9 

12. For use vith a laser providing output 
laser radiation of a given frequency, a waveguide as 
claimed in any of claims 1 to 11. 
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